
ITED STATES PATENT AND TRADEMARK OFFICE 

In re Application of: § 

§ 

FELD et al § 

§ 

Serial No.: 09/691,889 § 

§ 

Filed: October 20, 2000 § Group Art Unit: 1632 

§ 

For: Nucleic Acid Constructs and Cells, and § 
Methods Utilizing Same for Modifying the § 
Electrochemical Conductance of § 
Excitable Tissues § Attorney 

§ Docket: 00/20989 
Examiner: Anne-Marie Falk § 



Commissioner for Patents 
P.O. Box 1450 

Alexandria, VA 22313-1450 



DECLARATION UNDER 37 CFR 1.131 

Sir: 

I, Yair Feld, declare as follows: 

1 . I am a co-inventor of the invention described and claimed in the 
above-identified U.S. Patent Application. 

2. , I am familiar with the U.S. Patent & Trademark Office Action 

dated July 29, 2005 on the above identified application, in 
which the Examiner cited Donohue et al, U.S. Patent 
Application 2004/02667 1 7 as part of a rejection of my claimed 
invention under 3 5 U. S.C . 1 03 . ' 

3. That the effective filing date of the Donohue et al reference is 
the date of the priority Provisional patent application Serial No. 
60/230,3 1 1, filed September 6, 2000. 

4. That the aforementioned reference to Donohue et al is not prior 
art to our invention, inasmuch as we had reduced to practice 
and thus made our invention prior to the effective September 6, 
2000 filing date of Donohue et al. 



5. In evidence of such reduction to practice, I attach herewith 

A. A copy of my Ph.D. research proposal (in Hebrew), 
Exhibit A, submitted to the Technion Institute of 
Technology prior to September 6, 2000, 

B. A letter (Exhibit B) from said Technion Institute 
indicating receipt thereof prior to September 6, 2000 
(date blacked out). 

C. A translation of the said Ph.D. research proposal into 
the English language, (Exhibit C). Figure 4, Paragraph 2 
of the Preliminary Results Section of said Ph.D. 
research proposal, shows that the above identified 
disclosed and claimed invention was reduced to practice 
prior to September 6, 2000. 

D. A Declaration from Gal Ehrlich, a registered Israeli 
patent attorney stating that he received and understood 
the above invention when said research proposal was 
presented to him prior to September 6, 2000, and that he 
was instructed by Dr. Shmuel Liran, the authorized 
official of the Technion, in an email dated prior to 
September 6, 2000 (Exhibit D, date blackened out) to 
prepare and file a patent application according to the 
disclosure received from the inventors, which consisted 
of said Ph.D. research proposal. 

6. That the rejection of claims of our invention over any rejection 
that employs Donohue et al should be withdrawn since 
Donohue et al is not prior art relative to the invention that is the 
subject of the above-identified patent application, 
I hereby declare that all statements made herein of my own knowledge are true and 
that all statements made on information and belief are believed to be true; and further that 
these statements were made with the knowledge that willful false statements and the like so 
made are punishable by fine or imprisonment, or both, under Section 1001 of Title 18 of the 
United States Code and that such willful false statements may jeopardize the validity of the 
application or any patent issued thereon. 
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Respectfully submitted, 
Yair Feld 



Date: October 18, 2005 
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SUPPORTING DECLARATION UNDER 37 CFR 1.131 

Sir: 

I, Gal Ehrlich, declare as follows: 

1 . I am a patent attorney licensed to practice before the Israeli Patent Office. 

2. I am thoroughly familiar with the invention described and claimed 
in the above-identified U.S. Patent Application. 

3. I am familiar with the U.S. Patent & Trademark Office Action 
dated July 29, 2005 on the above identified application, in which the 
Examiner cited Donohue et al, U.S. Patent Application 2004/0266717 
as part of a rejection of the claimed invention therein under 35 U.S.C. 
103. 

4. That the effective filing date of the Donohue et al reference is the 
date of the priority Provisional patent application Serial No. 
60/230,31 1, filed September 6, 2000. 

5. That the aforementioned reference to Donohue et al is not prior art to 
the above-identified application, inasmuch as the invention disclosed 
and claimed in the above-identified patent application of Feld et al was 



reduced to practice, and thus made, prior to the effective September 6, 
2000 filing date of Donohue et al. 

6. In evidence thereof, I attach herewith 

a. A copy of a Ph.D. research proposal (in Hebrew), 
Exhibit A, of Yair Feld submitted to me with a view to 
prepare a patent application thereon prior to September 
6, 2000. I read, reviewed and understood the invention 
disclosed therein. 

b. A translation of the said Ph.D. research proposal into 
the English language, (Exhibit C). Figure 4, Paragraph 2 
of the Preliminary Results Section of said Ph.D. 
research proposal, shows that the above identified 
disclosed and claimed invention was reduced to practice 
prior to September 6, 2000. Said English translation 
was prepared by me, and I am thoroughly conversant 
with both the Hebrew and English languages. 

c. I was instructed by Dr. Shmuel Liran, the authorized 
official of the Technion, in an email dated prior to 
September 6, 2000 (Exhibit D, date blackened out) to 
prepare and file a patent application according to the 
disclosure received from the inventors, which consisted 
of said Ph.D. research proposal. 

7. That the rejection of claims of the Feld et al invention over any 
rejection that employs Donohue et al should be withdrawn since 
Donohue et al is not prior art relative to the invention that is the subject 
of the above-identified patent application. 

I hereby declare that all statements made herein of my own knowledge are true and 
that all statements made on information and belief are believed to be true; and further that 
these statements were made with the knowledge that willful false statements and the like so 
made are punishable by fine or imprisonment, or both, under Section 1001 of Title 18 of the 
United States Code and that such willful false statements may jeopardize the validity of the 
application or any patent issued thereon. 



Respectfully submitted, 



Date: October 18, 2005 




nmwoab ro rai bw mm nan* rc-wr^ 

abn bv n>aibm>aa aiw "ppflr, nprwan mama rcny» ran n>b»wnn robmn Tonya 
.ubiya nsnam nwbnnb > rnym>o o*m mmo ibN rmnan .nap niynon row nmirtoai 
ora v>n 1200 -a naw ,>Btt<ria rmab >tan» crm mmo nnm nmpoo N»inb na 
rpbovn jivnb mwy n Jmnnon .nr avion Kisab yro papn nwnanan P>oaa j»itini 
jbjwin asnp ,n>»biponaabw» a*p rnynana b*»on ,'mioo piNa .n>b-)iopr>v>o in 
awn tin cwjdno aboa oan ,npppa w&v 7111 runs mmnsi mobna'ar 
Miyownv »T«>nn bia>p bw nrnncnn to .aba a*pn r&nanb crm niyx ™bi>t*m*>pbNn 
rpnwaN Ji>wrn n«m .man© >«iib Trwaun iwp pb> , nynann jvpjp mtNb n>a>j<at? ro>N 
ronyn ron ,n n-raya paa vnim ,aarp rronana toroi rh'3>a o>ni\ypn o»)wjjjDn nrmb 
>»bin>anopbNn vsan wvi abn napn b*/ nranm m>bnwnn rmiann ra n\ypn 
.o>ty-rn o»b>aon>pN o>oj»bN rnTnn myjuoNa TP»)pn rtianynn >}ibinan 




abaT>»bta\t>nfip^ 

,gap junctions vy xoiijid n>bo wn nbyann mnipjiro ,onna o>n*d aamo -rip won 
abn nn«i ,o>Nnrj bw -man ^jwpwawn niaan nnob .o»Niin bw noobow^n i>a onvpon 
iojo mbjpspjwn jtPMininb mwm ronavi .rprrcn n>boim rovon «p*T«B>na aW» 
rnoiyannnv win lb* nwo>i .(Wiedmann, 1970) mn ibranoi rwite >a>oa 
rtw> .baan smtoosi >»y nw>*b n»mi , o>n*i bv an noon by jnnma aim bv mSrraA^ 
nasw >aa wan nwp mwnn ,nbiyan bN^jou bit/ dV/dw -a nabinn nrww bw jiibrrn 

>eu» -p .baan jfoniion bv jwar* jmmo nuom, >y mm to onmwaS^SS 
bwo .(Spach et al. 1981) wnw robin Jifiwb o»a>pn annb nabina nrm brra dv/dt™, 

rw»ppnp»» Tna>i<T xm *n nwxm ntapva jp&cn «,Sn o?ro »»vrnnJnb 
v.«~ «," taon 31 ' nw>110 n31v nim robrnn JiwmTinb onwn N>n gap junction -b mwpn 
»xd minon nabm >con fjm»»im J^nain Nb nabmb nimw nabiro nbN j«i>S 

-o*p niinan niniwimb ysia *mnbi rpbownn nabina o»>i)>^ onab o>bibv 

o^kji rt^nn bw wonm r p>bio»MOMan mm^ tyi^ffl 

f obwn abn) ab in* bw j,>aiponpNo ro^naa np>>a nnpano abn npnb nnivw nw^n 
ru>nab niba«o anb tiw nw>w .(patch clamp) -rron N3in nona in fliai nb>3Q 

■onpona napa biy n>3pbm>p mio ToriN 
mipovy ab >Kn bw jj>juavs/-tn jrowjn rrann abn 7ipon ronj,nb ysyo in vitro b7m 

.(Cabo et at 1994) ru-noon by connexin43 bw TnN m*a oy niwoa s« n »-.«>.u, 
JVP-ro jxmima >Dip D rtwan p» roo-m >»y »o»nn niyonn >) nimpnn to -art, 

J|00 jim ) ->jina nnna Ji>jon jiwd n^ibinai fov s-20) im nwb nnvnb run by 
ni ° v J1WJ10N3 J Jiwaim fJioaoi jpbr£n n^iSS^^SvfS 
1 TOnynb x^htph bnin ^ mino ,n»pnn b W ^n^Sp 
- . .nmivo o>Nrt 
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on o'Nnn an .o*o>ni»ttimpi D»ot?baro>3 np>ya n>b>an nrfttn bw nvrbwo ab smrux 
,aba o'upbana's .>jnaj>t> vn»<a o^jmaruai gap junaion -p7 Ji'baiyn onoujan d»o>si>» 
nnssio ,nm Jinob .nauoi *mn y>a ma>bio oy o*o>2n>obi »i\yb .to Jpbovn onwpo 
oi>p nnom n jvasji .urtara>s ttt orua oniwpon onj>sn>jo itovoi>o jiisnajin 
nnsa .(Rook a al, 1992) aba o»b»ao>ppN oj>nw o>nji 717 >a>03 piNa jJdw >ru -oyn 
n wo ora>a nnob tpo>» iiwri nxso> Nb f o>2n>&-w6anra bw omun ooobaina'fl 
>ibn gating rcou ,1 nS -o roua roi»n robmn wto ,jint nwb ,1-2 nS byo nn»n nabinn 
juawi by twtm nbyv baa rrrv gap junction by nwo asm JiiNsrpnb nnajwn .n*i»a 
1>a -ma gap junction r>7 jna>biDn .nnm n*ibn raw jtini!/ robin mow ,jwt nruo> 
>jiy naiyb 32 pS oetorawraPD o»Aibrron onoa yai 21 pS nrrrw o>v?obam>a 
wind connexin43 -b fm> oy Jiro>aTOp>n niy^ua .43 pS np>y gap junction onpsvzs 
Rook) o»wpb3m»3 pa ny>a>i nswrv xb 7N ,o>PObara>3b o>o^i»jq yyt o>p>3t»jd jvj n y>ai* 

.(etal, 1992 

robin by o>ppbaro*> ny*n»n 

omiyp Jivnb o»wy (oH»Ni»bJi>sN o>njii o>upbaro>3) ircnro o>o^pd o^nw o>nji 
awn -npo-omriD dh o»b>ap>ppN oj>n nbN o>njw ^10 .(Rook et aU992) JTOTOriopbN 
dwwo n>byb onritt Taai ,ra*n?o twwwa dV/dw jw o>-piio ia>3bi ,curxent sink bv 

.asp aiunsn nyambi robin jio>pnb 






1 me»c 




nwo >ann yim nno^wpN jud jhki> )*>j A-a .>bownn 
pw B jioim pen rofrmn C -ji nym o>tx>>3na>Dn 

(Fast etal, 1996) 



gap JiiN^n by -py» >boyynn m»m nayo you o>oobana^ cpnjiq ^bownn owmn 
JY)N3»>no nwrrD ban n>Tn b\y n»wn .o>ot7bana>3b o'vn^von m junction 
,»n anoTpjin ibnna .b'on ^ddh jw JmwNo ,i ivha oino\y >ao o>\?vbam>3 
onpyinaa robinn Jin>no> dV/dw iaai pwpnno onv »o>aNi\y» o>oobana>3n 
^ .rrrna na>N m vivo robina J^W3^^ ^ 1^p^a m kjwo b\y nvojiibin .o>rn> nbw onwta 
.jpa-ina ma n-r'«n nnira in vivo o>ot>bam>9 oy gap junction o^v owxvn on nra 
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Hfi* dkiind na>nn ^nm mropn nwaiJm , wo wn> bo> m ^ 

Kvl 1 T>SwiK> ^s»^ 



ControJ (no toxin) 
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.taimrt i»o>m m w ona iwro wis *w mra im «m vmn) 

b-na nron f miru mam rpatrm rwrtnra 4m own jxnyo no*™ .1 
wow >v mmnt, xnm janm m ^ JT) ^ M * ™ n £ * 

onrofenwan Jioom Jiupya cw»n o^ww moo (2) waiiSnS oXE? 
mwi im»no jKrvm b* »ojwon n«w» ^p by ib* o>kji b* linvuN nvown irS 
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mm Pba obp mrean mnwpTsn roipn ^tnpom n>x»n nta rebmn 

n npm .^n^ W b^o P Nb nvarna na^* oniw ^'^n J£5 , 

-n Jiwrn Tw»a m»n»b n>spnro< nub imn 

rcmv ti>: 

TUnm mm nnpin .wn onrn *tmd wn ma noSwS^^S^ 
npa *bbn> JiDivnn .(Igelmund et al, 1999) nwno jvw mm 0 2m o lbJZJ^ 

Fast et *> nbn j^pi b* ipnb jmwa itatpo «rttD ^ Jiraw?™SiS 
omwio noun *>bew> npbin >bibwm j, n >no ) man^ InSS ^SSKStoK 

^ nN1Wnb ^ n,mi1 '^^^ iSS^5e 

*t» pb«/N 3!b^ -pooban bw mapwno) Kvi.3 >wo jwbjw, ^ D >i 
^ m'ND tt onn iwow 'Dns bw umvm nvira nm 313 v?obana>ob Kvi 3 

l >io>ab -r>iaobi) intw ntmn myw touo dwtoa bw ceU ii ne i 3T 3 

b>apm .A^bvwnopbK mnvn -pwb ,o^i.a»p ^ nS»wSn 01S 

f D>pxun o«bnwnn onworo bw n^WNn n^>mi imvon Jim»3in inj*lSSo5 
r»pT2>ii ji^nn bw jum . 100 nM ,10 nM ,1 ,0.1 dm bw o>biv anw-n CTX 

mpan jwiji ioi oj CTX n»ovn jidivh ucuui non pijo ,D>3bvn» f nn \oz 

^ mnnwm mnm by D>ot!annn nmnn sw&vn imn 5 

«lE?I'? Dinn bw ^^^w'^n Jiuojin bv !bN o*bno»ppK D^jjobN JiVDwnb 
irtatoi o»wp fi o»w^ >»v vu> ibN nwovn .n^tnbio-»n » mn!S£ S 
ytub o»iw ibK o»v>«i .nopin bw iran»poKn nmop^-in ttotoju 
.nbiysn bwasoiD fbrim oj mwftimwi o»o^^jai>npn i>a o^ionopbN 
.mjiw >n>A Jii>3aii nnJi «nwon napnn bw oba-ubpn imon itdn 6 
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*it»)n •nwnn bw m^bin*Dnv>pbNn nu^rin by maw nynt jitoji nyawn }vs>h .7 
o>a>ytn -inww nab noru nopnn moton by )bN o^oo>am>o nyawn riN pm> m 
.nu»wp ni>rutt NbN ,jt>nipn jintan twh nynww pi ,o^mipn 
mbyn oy o»oo!?am>fl nawn nnpya nunra nti> v^onop^nn wvn JiD-jyn -8 
wrtamnfl onrot o»b>avr>Dpt* onwbN rao vn w praj ran piio .nnnN 
mbyn >iu>ab mspapno nay\y o'DobaniPDi yira mbyji >i\?ub rospaono raiw 

.nibwwwpbNn y*»n by fpbvwi pro 
.ma vmm hoi onjttonaw bty ronbP wnopban nvDwnn .9 
jvznra rornxn nob Pbrnoo >bNO>i y:i* ioin) Fast dye O >"y dosp cwrt>am>f)n 
V>oro ,o>VM o>oobnm>D by roura vwo Kn by patch clamp *TO»ja .o>v»sr>jon 
a*Hxm ifrv tmnfo ,CTX bw o>biy o>ran nnn ,tw nbwm btororo >sw m 

nuwn nrwdN m nt»>n .fwaicm ptos) obwn nba n tw>> b\y nnonn Jipm .10 
,jn>lvaN rqnm jm»w tn:u .obwnsbn bw jmb>:io>t>pNn nuttnn by tb* o^kti bw 
reuvn prub jujo by .obwn abn nap-h ibN own buz jimvwin nbi3> tik myn 
AV-n mwb ibn o>?oi pnu abn b^ m>brwnn xror>nn n^itfb n niw bty nnwaN 
nnni nbn\ynn nrwi >Mb wtooji n* -jrtai (nnora bmpo bmo s^y) nnbtn b v node 
*Wenkebach iTm n>n wp-un mipn ,n:>binn w * to* )pi3* v ovwenon -CTX yio 

ntmwn nw^ij| 

3 itoq *pt 7nx^b nib*n ib >xs) nva-ou TDiynn jw i»<>Nb o"ip>3 iddq w^u 4 
tin nijcib in^ .o»w o>o>:i jra-wn nniKo tnpbw n^n^pK niop >va n^Nib \n»3 
nDbinn nn>no .jrcnyon nnnn ^noo iw £ -1 D ,A nmnTpNn man 1 w>rn 
vi» nx o>DNinn o>Diy [m/s] -b 0.1 [m/s] «w l nbauo imnb p>3V w nimra 
-(Fast VG et al, nnara owrran nnnsDW 7n n^inm nDbmn jiivtio 
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Jir^n pi opns B nao ,Jimrjn apima »«^oftn oi>na A noo two f rO>n ft^auia n>»>opi« nuts eran jtustd ? 3 

Jiaam >n»sn mowMm mu tin mi* 3)0 tMonnon ,d»wt3«>j< o>iip worn E -1 ,D,C jwana 



day conduction velocity; peripheral conduction velocity; average conduction VBloJfy; fiUndard deviation ' 

A 0.14736 0.18377 ~ " 1X16458 

B 0,189284 0.184229 0.06369 

C 0.215941589 0^14247005 O.190768179 

D 0.155662581 0.146432183 0.061536928 

E 0.10262041 0.141289112 0.162845482 



>nwa rwnn ra^inn Jinmo .3 *n>ra nnowpMi wano JirtN >3 iuy nuwinan no»nn wwno Jiuato n ntaoa : 1 Jll72V> 
Jirm\?p^<n ia*»H rolnnn »n vnn mean Tnywpbx baa J. . (conduciioa velocity peripheral) <|ptu jmnoptwri *s£> .a 1 sw&w 
in? ipnn r\»vv rmon ,noi» .{conduction velocity average) flvnwpiwj toa nvvimnn tn^yw>D yra pa mhm /iDjiujujod 

^condactjcin velocity standard deviation) jn-mop^htn roirim xiwno 

nvrwiri bw >3wioun mo^jton asp .Trroyn Ji>r> in bw 4 <pyt* ikijuqd >ip>j yxn ,2 
n>spat>:n*> raw o^OTbavn'a oy Jivmip, ,on?ob2na>o Nbb mpan jwmrn rrm 
.o>b\y CTX mora , rrapaorw Nbb o>wb:rra>D oy Jira-im i*bw< rnbyn >w>nb 
CTX ji awn irwb nwwan jvnnra 42% by n»by nbn >o mtnb yv> 4 -n*ha nwnnriD 
5% biy rpby notyb ,pbvw nibyn noub ^ono rnyiy o>Dt7bim>a oy Jixnxa 
-non .wxpovnv Nbb mottoro>D oy cranio 12% -1 ontt7b:ira>a Nbb tottu *nb3. 
KvL3 mbyn jvtoum3 nNsirp .noron rwfx>nbt3T$mjQ yn*b >wy w nyoinb vwsn 
abn >ntp 4 htnd nmNjmb jurmn ,nbtya bN>swi£> pn ,Jra-wn Dn»bam»£n 
nnNbi ,o>wbara>on inn >ion o^joj o>fc"ior> nib>yi5 >-rpi»\y pn> , 
o>»p mswati a^p^ tp>w^n mpan nwira .bmh^o b'on onpnnn CTX jiotiti 

.omra CTX -n xionb omwp mora Nbi rvnm 



■ " 


r«hgu Smooch* 






A" « 






nmvm tsoo-c ,nrmon tdud -n .charyfadatoxia i^D>>iv o>mnb ,KvIJ }i>w< nfcvn n'uoi ntron 

^witout fib - c=8^16\ NIH 3T3 - ^3^=^27, KvL3 - c~4\n==26) 
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Long term evaluation of hybrid cardiomvocvtic cultures 
Scientific backp roiinH 

J* 1 * electoral conduct ion system is a complex system that plays an important role in 
heaf iphysio*gy^!M the pathogenesis of cardiac arrhythmias. These abnormalities are a 
significant cause of worldwide morbidity and mortality. For example: ventricular 
techycaixha is a major cause of sudden death, responsible for the lives of 1,200 people a 
day in the USA alone. The substrate for most of the arrhythmias is heterogeneity 
Heterogeneity can be electrical or structural. Traditionally, the treatment combines 
medications, pacemaker, defibrillator and catheter based ablation procedure, all aims to 
modify the electrophysiological abnormality that causes the arrhythmia. One of the 
disadvantages of the pharmacological treatment is the non-specific affect to on the 
abnormal area, which is the reason for the many side effects. 

A possible novel approach to understand the mechanisms that are associated with the 
generation and treatment of cardiac arrhythmias, which we will test in this work, is the 
evaluation of the electrical and structural properties of the cardiac tissue and modification 
or the pathological electrophysiological substrate by local intervention by introducing 
new excitable elements. 

Electricle conduction in the heart 

The myocardium is composed from discrete cells, and the electrical activation 
propagation is mediated through gap junctions, that connect the cytoplasm's of the cells 
Even though the heart is a discrete architectonic structure of cells, the heart muscle is 
considered a continuous medium electrically and chemically. Experimental evidence of 
homogeneous functionality was observed in Purkinia fibers and ventricular trabecule 
(Wiedman, 1970). These experiments demonstrated that the electrotonic currents spreads 
on a large number of cells, and can be described by the cable theory. Moreover the 
dependency of the conduction in dV/dW of the action potential demonstrated a 
quadratic relation as predicted by this theory. 

Later researches reported contradicting results to the continuity of the cable theory For 
example, it was observed that dV/dW was larger during transverse conduction compared 
to longitudinal conduction (Spach et al, 1981). Application of uncouples like Heptanol 
and Octanol produced complex behavior that is not monotonic, that cannot be explained 
by a continuous electrical medium. Therefore, it was suggested that microscopic 
discontinuity was related to gap junction is the cause of the deviation of the conduction 
behavior from the cable theory. These discontinuities in conduction may cause 
inhomogeneous conduction and the development of conduction blocks that serve as a 
substrate to the development of cardiac arrhythmias. The presence of elements that are 
not cardiac cells and abnormality in the coupling of the cells could cause changes in the 
electrical conduction and become a substrate for the development of cardiac arrhythmias 



Evaluation of tha functional an d structural properties of cell cultures 

The different methods for cardiovascular research focus on macroscopic evaluation of the 
myocardium (whole heart, papillary muscle etc') or single cell (patch clamp). These 
methods are usually limited to one parameter analysis, for example: electrical recording 
morphological parameters, calcium imaging etc' and do not enable simultaneous long 
term evaluation of a number of parameters. 

An interesting in vitro model for cardiac function evaluation is primary monolayer 
cardiomyocytes culture originating from neonatal rat hearts. These culture are composed 
of dense myocyte layer growing on collagen matrix and express properties similar to the 
whole heart. For example, single myocytes in culture are spindle like, with a uniform 
expression of connexin43 on their membrane (Cabo et al, 1994). Experiment on this 
model focused on methods that include techniques for evaluation of the electrical 
propagation wave by recording the local activation time using electrical electrodes or 
voltage sensitive dyes. In this work, we want to take this model one-step forward and to 
test the physiologic and pathologic properties and the effect of complex intervention 
using a novel mapping system. This system, adapted from the neurophysiology field, uses 
an array of electrodes in order to evaluate long term (5-20 days) and at a high spatial and 
temporal resolution (100mm, 25KHz) the electrical properties of excitable tissues This 
system enable for the first time association between the function (electrical and 
mechanical activity) and morphology (using immunohistochemistry methods) of the 
tissue at a microscopic level for long term. Moreover, the possibility to associate between 
the microscopic morphology and function of the tissue is an ideal model for evaluation of 
hybrid cell cultures. 

Fibroblasts-cardiomyocvtes coup ling 

Neonatal rat cardiomyocytic cultures are composed of mainly fibroblasts and 
cardiomyocytes. Most of the cells are myocytes electrically coupled through gap junction 
and contract synchronously. Fibroblasts in the heart are electrically coupled to one 
another and to cardiomyocytes with alow intercellular conductance. However 
synchronous contraction of cardiomyocytes electrically coupled through a fibroblast was 
reported. This observation proved the passive transition of electrical stimulus through 
non-excitable cells in the heart (Rook et al, 1992). In couplets of fibroblasts and collets 
of nbroblast-myocyte, no internal voltage sensitivity was observed when conductance 
was above 1 -2 nS, however, when conductance was below 1 nS, a voltage gated property 
was recorded. The probability of gap junction to be in an open state reduced as the 
voltage on the junction increased. However, a residual conductivity non-voltage 
dependent was preserved. The conductance between a single gap junction between 
fibroblasts was recorded 21 pS and between heterogeneous couplets myocyte-fibroblast 
•I V T°! tW> "^y* 5 main gap junction 43 pS. In histochemistry positive staining 
with antibody to connexin43 was observed between myocytes and between myocytes and 
fibroblasts, but not between fibroblasts (Rook et al, 1992). 



The effect of fibroblast on conduction 



Non myocyte cells in culture (fibroblasts and epithelia cells) could be electrically coupled 
(Rook et al, 1992). Since these cells are not excitable they serve as an important source of 
current sink, and therefore, reduces dV/dW in the surrounding myocytes, and increases 
the chance for conduction block and the development of cardiac arrhythmias. 




Figure 1 : The effect of non-myocyte cells on 
the propagation wave; In A is an activation map 
in a transverse direction, were the fibroblast are 
labeled in black, and in C the propagation is 
longitudinal. In B the upstroke of the action 
potential in two myocytes and in the middle in a 
fibroblast. In D topographic map of dV/dt^ the 
sink in the middle is clearly visible in the area of 
the fibroblast and the surrounding myocytes. 
(Fastetal, 1996) 



The electrical recording from fibroblast cells during the propagation wave indicates the 
existence of gap junction between the myocytes and the fibroblasts. The deviation of the 
propagation wave due to the fibroblast as demonstrated in figure 1, confirms this finding 
During the propagation of the activation wave, the fibroblasts "suck" current from the 
myocytes, thus reducing d V/dU and conduction velocity in these areas. The relevance 
of this finding to heterogeneity in conduction in vivo is not clear. It is not clear whether 
myocytes form gap junctions with fibroblasts in vivo as well as in culture. If they do this 
finding can be significant in the pathogenesis related to recovery from infarct specifically 
m the borders, in cardiomyopathy, and ventricular hypertrophy. 

Kvl.3 potassium channels 

Kvl.3 potassium channels are expressed in the brain, lymphocytes, and other tissues, but 
not significantly m the heart. Moreover, membrane expression of this channel was 
successful m a number of cellular model (fibroblasts, Xenopus oocytes, human 



embryonic kidney cells etc'). We intend to use fibroblasts transfected with these channels 
as part of hybrid culture with cardiac cells as a possible model for modifying the 
electrophysiological substrate of the cardiomyocytes. Using this system has a number of 
possible advantages for testing this novel treatment approach: 

(1) It is possible to characterize the electrophysiological properties of this channel in 
details (Marom et al, 1993). 

(2) It was demonstrated that these cells coupled with cardiomyocytes. 

(3) There is a set of antibodies that enable the detection of the cells using 
immunohistochemistry that enable evaluation of the cells local affect as well as 
global effect. 

(4) This channel can be block specifically by Charybdotoxin - see figure 2. 
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Figure 2: The effect of Charybdotoxin on Kvl.3 potassium channels (Alomone). 



Research aims 

Development of experimental system model that will enable long term evaluation of the 
ettect ot external excitable elements on the electrophysiological substrate of 
cardiomyocytic cultures. 

Specific aims 

1 . Establishment of electrical extra cellular signal recording system with a high 

. spatial and temporal resolution, and generation of a reproducible biologic model 

2. Electrical characterization of the experimental system: long term evaluation of the 
electrophysiological properties of cultures. These results are important in order to 
demonstrate the reproducibility of the system, and as a control for the effect of 
complex intervention on the electrophysiological substrate in this model. 

3. Electrical characterization of hybrid cultures of cardiomyocytes and unmodified 
fibroblasts. This evaluation is important due to the following reasons: (1) 
understanding the changes in the electrophysiology of the tissue that occur during 
structural changes like generation of scar tissue and aging that are known to be 



5. 

6. 



associated with airhythmogenisity. (2) quantifying the changes due to the seeding 
of the fibroblasts to the cultures in terms of structure, electrical, spontaneous 
SbfaS 6 ' ^ 33 baSdine f ° r COm P arison of the ef&ct of excitable 
Electrical characterization of hybrid cultures of cardiomyocytes and genetically 
modified fibroblasts expressing the Kvl.3 potassium channel. This 
characterization is important in order to test the feasibility of this approach In 
particular, we will test the possible effect of these cells on the spontaneous' 
beating rate of the culture, velocity and form of conduction overall and local 
refractory period and input output properties at different stimulus rates 
evaluation of different seeding patterns on the culture properties 
Evaluation of the electrophysiological changes in culture seeded with fibroblast 
expressing other ion channels, 
v. Characterization of the effect of the fibroblasts on a single myocyte This 
characterization may enable evaluation of the physiological mechanism that 
responsible for the electrical and structural changes in the culture due to the 
fibroblasts seeding. 

8. Evaluation of the possibility to suppress areas in the heart that were modify to 
abroach Uty ' ^ ^ indication to me feasibility of this novel 

Working p lan 

1. Establishment of a long term mapping system for electrical extra-cellular sienal 
recordings. A system was established with an array of 60 electrodes capable of 

1999) The^system mcludes a temperature controller, and connected to a supply of 
95% air and 5% CO, m order to enable incubation conditions for long-term 
recordings. Data analysis is performed using custom made program specially 
designed for this project. The program generate an activation map were the 
activation tune is set as the minimal derivative of the extra-cellular signal dV/d tmin 
(Spach et aL 1981). The conduction velocity is calculated from the mafrix of the 
activation times. 

2. Long-term electrophysiological characterization of cardiomyocytic culture The 
system model is based on production of Sprague-Dawley neonatal rat 

Z £^ Cyt ? S 1 " 2 , dayS ° W - ^ SyStCm of ^ayer culture is well known in 
the literature for cardiac tissue research (Fast et al, 1996). The cells are plated on 

95^ ™ ™5 8 ,° f eleCtr ° de ' 311(1 316 P ut m incubation at 37°, 5% C0 2 

♦ Zv medlum 1S ^placed every second day. Each day following condition 

seizing a recording will be taken in order to evaluate the changes in the 
electrophysiological properties with time. The parameters that will be evaluated 
are: spontaneous rate, velocity and tract of conduction and the stability of these 
parameters over time, will serve as control to the evaluation of the possible 
changes in the next steps of the research. 
3. Long-term electrophysiological characterization of cardiomyocytic culture with 
fibroblasts. The hybrid culture will be produced using the sLe method and 
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10. Evaluation of this approach on the whole heart (if possible). In this experiment we 
will test the effect of these cells on the excitable properties of the intact heart. We 
will test different injection possibilities, and evaluate the potential; survival of the 
cells in the intact heart. In order to test the possible effect of this method on the 
electrical properties of the heart we will inject the cells to the area of the AV node 
(according to an acceptable model in the literature) and test its properties before 
and after transplantation and following CTX administration. The parameters that 
will be tested includes: conduction time, refractory period and Wenkebach 
frequency. 

Preliminary results 

1. A number of experiments were performed in order to characterize long-term the 
system on regular cultured cardiomyocytes. In figure 3 are seen a number of 
activation map recorded from the same culture in different days. The similarity of 
maps A, D and E is obvious and indicate the reproducibility of the system. The 
conduction velocity in the cultures as can be seen in table 1 are in the range of 0.1 
[m/s] - 0.2 [m/s], which are similar to the conduction velocity in monolayer 
cultures reported in the literature (Fast VG et al, 1,997). 
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Figure 3 : Presented are five activation maps from regular culture, where map A from the fifth 
day from culture production, map B from the sixth day and so on. In maps C, D and E 
isochronous line were added, that demonstrate better the pattern of the propagation of the stimulus 
m the culture . 
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. „^ _ w „ v ulw v^wuwicu wuuuiuun velocities ior eaco oi the activation maps in figure 3 The 

conduction velocity was calculated in two different methods: 1. according to the electrode in the periphery (conduction 
velocity peripheral). 2. In each electrode the conduction velocity was calculated according to her 4 adjacent electrodes 
followed by averaging of the velocities in all electrodes (conduction velocity average). Moreover, the standard deviation of 
the conduction velocity of all electrodes was calculated (conduction velocity standard deviation) 



2. The experiment described in section 4 of the working plan was conducted. The 
spontaneous beating rate of the cultures was recorded in control cultures without 
fibroblasts, in culture with transfected fibroblasts expressing potassium channels 
and culture with fibroblasts without transfection, in an increasing concentration of 
CTX. Looking at figure 4 it is possible to see a 42% increase in the beating rate 
following CTX administration in the cultures with fibroblasts that were 
transfected to express potassium channel, verses 5% increase only in the cultures 
without fibroblasts, and 12% increase in the cultures with fibroblasts without 
transfection. Possible explanation to the phenomena could be the 
hyperpolarization caused by the opening of the Kvl.3 channels in the fibroblasts 
in the culture, during the action potential, that causes an increase in phase 4 in the 
cardiac cells. Moreover, it is possible that activity areas are under suppression by 
the fibroblasts, and following CTX administration this focuses are released. In the 
control cultures the changes in the beating rate are much smaller and not 
necessarily related to the CTX concentration in the medium. 
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Figure 4: Respond of culture without transfection, culture with fibroblasts without transfection 
(NIH 3T3), and culture with fibroblasts genetically modified to express the Kvl .3 potassium 
channel, to an increasing concentration of Charybdotoxin. n - Number of measurements, c - 
number of cultures (witout fib - c=8;n=16, NIH 3T3 - c=3;n-27, Kvl.3 - c=4;n=26). 
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by Gene Transfer 
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Abstract: Hope has been expressed that gene and cell therapies will one day 
reduce the morbidity and mortality associated with cardiovascular diseases. 
Work in these fields has shown that the road from bench to bedside is filled with 
obstacles. Still, the possibility for treatment or even cure of cardiac disease is 
real. Continuing work will improve understanding of the underlying physiol- 
ogy and vector biology. The current review focuses on the potential use of gene 
therapy to affect cellular communication. Included is a review of communica- 
tion effects on a transcellular level with angiogenesis, AV nodal conduction and 
sinus nodal automaticity, and effects on an intracellular level with cardiac 
myocyte repolarization. Challenges facing the field of gene therapy are also 
reviewed. If these problems can be solved, gene therapy will become a viable 
alternative for clinical use. 

Keywords: angiogenesis; arrhythmia; gene therapy; growth factor; ion channel 



INTRODUCTION 

Recent clinical trials have shown the utility of a variety of drugs and interventions 
for prevention and treatment of cardiac diseases, including antilipid therapy, adren- 
ergic modulation, afterload reduction, antiplatelet agents, drug-eluting stents, im- 
plantable cardioverter-defibrillators, etc. Still, in spite of these innovations, the in- 
evitable course for most patients is one of progressive disease. In part, this is due to 
the palliative nature of the available therapies. These limitations in currently avail- 
able therapies have led to considerable speculation on the potential utility for gene 
or stem cell therapeutics for treatment of cardiovascular diseases. In the current re- 
view, we will focus on gene therapy as a means to alter intracellular or transcellular 
communication and discuss the use of genetic agents to achieve angiogenesis, to 
alter cardiac automaticity, and to modify conduction and repolarization. We will 
conclude with a discussion of the current problems preventing large-scale use of 
these therapies and potential answers to these problems. 
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INDUCTION OF ANGIOGENESIS IN ISCHEMIC REGIONS 

The first cardiovascular gene therapy clinical trials focused on the use of growth 
factors to induce angiogenesis as a treatment for coronary disease. The underlying 
hypothesis was that focal application of gene transfer vectors encoding growth fac- 
tors would lead to localized blood vessel formation, increasing the network of col- 
lateral vessels from less-diseased coronary vessels to areas served by partially or 
completely occluded coronary arteries. Animal work centered on use of two models: 
limb ischemia, caused by abrupt ligation of the femoral artery, and gradual coronary 
occlusion days or weeks after implantation of ameroid constrictors around coronary 
arteries. Both models employed otherwise healthy, young animals. Numerous growth 
factors were tested in these models, but the majority of the work to date has centered 
on use of either vascular endothelial growth factor (VEGF) or fibroblast growth fac- 
tor (FGF). The VEGF work utilized two splice variants of the factor: VEGF 12 i tested 
with adenoviral vectors, and VEGF 165 evaluated with plasmid vectors. All FGF test- 
ing has been performed with adenoviral vectors. 

Animal work in both limb and coronary ischemia models gave suggestive evi- 
dence that gene therapy with any of these vectors was capable of inducing sufficient 
angiogenesis to relieve the ischemic burden. ^ Endpoints of these studies included 
microscopic quantification of blood vessel number in treated and control groups, 
various analyses of regional blood flow, and indirect indicators of ischemia and 
organ function. All endpoints were positive, providing evidence for initiation of 
several phase 1 clinical trials for limb and coronary ischemia. 

The human work has been less convincing. Phase 1 trials for both peripheral and 
coronary ischemia showed improvement. The peripheral vascular disease trials docu- 
mented marginal increases in the ankle-brachial index (0.33 improving to 0.48) but im- 
proved healing of ischemic ulcers. 3,4 Coronary phase 1 trials documented reductions 
in nitroglycerin usage and improved flow in dobutamine or treadmill stress tests. 5,6 
Problems with these trials included the absence of blinding or of controls. Phase 2 
trials included both control populations and investigator blinding to the treatment reg- 
imen. A peripheral phase 2 clinical trial using Ad- VEGF 12 i found no change in the pri- 
mary endpoint of peak walk time or the composite endpoint of peak walk time, ankle- 
brachial index, and time to onset of claudication. 7 The phase 2 coronary trial using Ad- 
VEGF 12 i found no significant change in functional class, work ability, or nitrate use 
when comparing between control and treatment groups. 8 The Ad-FGF4 clinical found 
a nonsignificant trend toward improvement in perfusion. 9 Encouraging news from all 
trials is that the side effect profile appears to be minimal for all agents tested. To date, 
however, it is fair to say that angiogenesis gene therapy has been a disappointment. On- 
going studies will evaluate the use of multiple splice variants of VEGF or the hypoxia 
inducibility factor la to test the idea that more generalized activation of ischemia- 
reactive pathways might give better results than those seen with application of spe- 
cific single agents like individual VEGF splice variants or the single serotype of FGF. 



RECREATION OR AMPLIFICATION OF 
CARDIAC PACEMAKER ACTIVITY 

Efforts to improve or recreate the sinus node have centered around three genes: 
the p-adrenergic receptor (pAR), the hyperpolarization-activated, cyclic nucleotide- 
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gated cation channel (HCN) gene encoding the I f current, and the Kir 2.1 gene en- 
coding the I K1 current. 10-12 The first reported manipulation of cardiac pacemaker ac- 
tivity involved amplification of the p-AR in the sinus node. Edelberg and co-workers 
mapped the earliest site of atrial activation, presumed to be the sinus node, and in- 
jected plasmid vectors containing the p-AR. Two days after injection, the heart rate 
in the treatment group increased from a baseline of 108 beats per minute to a peak 
effect of 163 beats per minute. This effect was significantly reduced by day 3 and 
eliminated by day 4. Immunostaining results showed the presence of p-AR only in 
the sinus nodes of the treatment group. Comparing treatment to control groups 
showed a significant difference in heart rate, but no quantitation of gene transfer or 
comparison of expression level to effect was documented. Given the usual time 
course of gene expression after most gene transfer techniques, where peak effects 
occur 5 to 7 days after plasmid or adenovirus injection and gene expression is elim- 
inated 2 to 3 weeks after injection, the results of these studies are difficult to explain 
and further investigation is warranted. 

Subsequent to the initial report of amplified sinus node activity with p-AR gene 
transfer, Miake and colleagues showed that gene transfer of a dominant negative mu- 
tant of Kir 2.1 (GYG 144- 146 AAA) caused automaticity in normally quiescent ven- 
tricular cells. 12 Kir 2.1 is the major subunit of the inward rectifier current I K1 , which 
is responsible for maintaining cellular resting membrane potential. In a guinea pig 
model, Miake et al. delivered adenoviruses throughout the ventricles using an aortic 
cross-clamping method initially reported by Hajjar et a/. 13 They documented gene 
transfer to 20% of cells using the green fluorescent protein (GFP) reporter, and with 
the Kir 2.1 AAA dominant negative mutant they found increased automaticity on 
both a cellular and whole heart level (Fig. 1 A). In a subsequent report, Miake et al. 
found that the I K1 current needed to be reduced by at least 80% in order to get cel- 
lular automaticity; lesser reductions caused a prolongation of the action potential 
(AP) duration with unstable repolarization. 14 

Recently, Qu et al. reported another method for increased myocyte automatic- 
ity. 11 In a dog model, they transferred the HCN2 gene, producing a protein thought 
to be responsible for If, the putative pacemaker current. Qu et al. injected solutions 
containing Ad-HCN2 into the left atria and noted spontaneous left atrial rhythms 
during vagally induced sinus arrest in four dogs (Fig. IB). In contrast, three dogs in- 
jected with an adenovirus encoding GFP did not have any spontaneous rhythms. 
Subsequent work with Ad-HCN2 injection into the left bundle branch by the same 
group showed left bundle branch premature ventricular beats intermittently during 
sinus rhythm and left bundle escape rhythms in six of seven animals during vagal 
stimulation. 15 These data suggested that HCN2 overexpression could increase auto- 
maticity of either atrial or ventricular tissue. 

Overall, gene transfer approaches to increase cardiac automaticity are in early 
stages of development. None of the published interventions completely recreates the 
sinus node, but all show promise. Ongoing work in this field has the potential for tre- 
mendous impact if the correct gene or combination of genes is identified to allow 
recreation of true pacemaker activity. 

MODIFICATION OF ELECTRICAL CONDUCTION 

Altering cardiac transcellular conduction could potentially be done using a num- 
ber of strategies. The most obvious approach would be manipulation of gap junction 
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FIGURE 1. Gene transfer-induced alterations in cardiac automaticity. (A) Idioventric- 
ular rhythm originating in ventricular cells expressing a knock-out mutation for Kir2.1. 
(From Miake et al. 12 Reproduced by permission.) (B) Left atrial escape rhythm coming from 
cells expressing HCN2. The two beats on the left originate in the right atrium during normal 
sinus rhythm. The two beats on the right originate in the left atrium, from the gene transfer 
region, during vagally mediated sinus arrest. (From Qu et al. 11 Reproduced by permission.) 



behavior by up- or down-regulation of connexins. In the specialized conducting re- 
gions of the heart, calcium channel alterations would affect conduction by slowing 
the rate of cellular activation. Similar alterations could be achieved in atrial or ven- 
tricular myocytes by manipulating sodium channel function. Manipulation of the ex- 
tracellular matrix or of the distribution of gap junctions and ion channels also has 
potential for modification of electrical conduction, albeit at a much higher level of 
complexity than the other simpler manipulations. 

To date, the primary strategy chosen for modifying intracardiac conduction has 
been manipulation of the G protein signaling cascade, which has a presumed down- 
stream effect of slowing conduction through the L-type calcium channel. We initially 
achieved this effect by gene transfer of adenoviral vectors encoding wild-type Gce i2 
in a porcine model of acute atrial fibrillation. The viruses were delivered to the atrio- 
ventricular ( AV) node by perfusion of the AV nodal artery after treatment with VEGF 
and nitroglycerin to increase vascular permeability to the viruses. 16 ' 17 Control ex- 
periments with adenoviruses encoding the p-galactosidase reporter gene docu- 
mented gene transfer to almost 50% of cells in the AV node. 18 AV nodal function was 
not affected by gene transfer with the control virus. After gene transfer of Gotj 2 , con- 
duction slowing and refractory period prolongation were observed in the AV node. 
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The ventricular response rate to acutely induced atrial fibrillation (AF) was de- 
creased by 20% at baseline, with a persistent 15% reduction after administration of 
1 mg of epinephrine (Fig. 2A). Subsequent work in a model of persistent AF and se- 
vere congestive heart failure 19 found that heart rate control was overdriven by the 
waking state when the wild type Ga i2 was used, but a constitutively active mutant 
Goq2 Q205L was capable of sustained reductions in heart rate (Fig. 2B). 20 The per- 
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FIGURE 2. Effects of Goc i2 overexpression in porcine AV node. (A) Percentage change 
in atrial fibrillation (AF) heart rate during acute atrial fibrillation. (Adapted with permission 
from Donahue et a/. 18 ) (B) Change in ventricular rate in persistent AF after gene transfer of 
p-galactosidase, wild type Ga i2 , and a constitutively active mutant Gct i2 Q205L. (From 
Bauer et al?® Reproduced by permission.) 
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sistent AF model had an underlying tachycardiomyopathy caused by the uncon- 
trolled heart rate in AR The 20% reduction in heart rate achieved by gene transfer of 
the constitutively active mutant was sufficient to reverse the tachycardiomyopathy. 

GENE TRANSFER EFFECTS ON CARDIAC REPOLARIZATION 

Some of the earliest work in myocardial gene transfer evaluated the effects of po- 
tassium channel expression in primary cultures of ventricular myocytes. The first re- 
ported alteration of the action potential morphology by in vitro gene transfer used an 
adenovirus expressing the Shaker potassium channel, an ion channel expressed in 
Drosophila that causes an I tol -like current. 21 Expression of Shaker in canine ventric- 
ular myocytes caused numerous changes in the AP, including amplification of phase 
1 , suppression of phase 2, and abbreviation of the overall AP duration. The level of 
expression correlated with the extent of changes in the AP, with more robustly ex- 
pressing cells having the most bizarre AP morphologies. 22 Subsequent work by Nuss 
et al. showed that overexpression of HERG also shortened the AP duration but with 
a more physiological AP morphology. 23 HERG channels are the major component 
of the Ijq. current, and as such are activated later than the I to -like current caused by 
the Shaker channel. This later activation allowed a normal AP notch and plateau but 
still abbreviated the AP duration. 

Two in vitro reports have evaluated the therapeutic possibilities of cardiac myo- 
cyte gene transfer. Ennis et al, transferred a bicistronic construct encoding both a 
sarcoplasmic reticulum calcium adenosine triphosphate (SERCA-1) and the Kv2.1 
channel responsible, in part, for the 1 K1 current 24 They found that I K1 overexpression 
shortened AP duration and SERCA-1 overexpression increased the efficiency of in- 
tracellular calcium handling. This work suggested that combination gene therapy 
might be effective in heart failure, where the potassium channel overexpression could 
have an antiarrhythmic effect by shortening repolarization, and the SERCA overex- 
pression could have a direct increase in contractility or in the least could obviate any 
negative effects on contractility from the AP shortening caused by the potassium 
channel overexpression. Kodirov et aL were able to regenerate potassium current in 
myocytes from Kvl.l knock-out transgenic mice by overexpression of Kvl .5 25 This 
gene-switching strategy illustrated the ability to overcome the dominant negative ef- 
fects of one mutation by overexpressing a non-interacting protein of similar function. 

In a recent publication, we reported a method for transmural atrial gene transfer 
that involved painting viral vectors complexed in poloxamer gels onto the atrial epi- 
cardium 26 The inclusion of trypsin at low concentrations in the gel matrix allows 
penetration of the virus across the atrial myocardium without structural damage to 
the heart (Fig. 3A). Using this vector delivery method, we found that transfer of 
a dominant negative mutation of the HERG channel caused prolongation of atrial 
repolarization without affecting ventricular cells (Fig. 3B). 



PROBLEMS LIMITING THE CLINICAL UTILITY 
OF GENE TRANSFER 

Translation of arrhythmia gene therapy to clinical practice will require solutions 
to a number of problems that face the field, including those related to homogeneous 
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FIGURE 3. Atrial gene transfer 
using a newly described epicardial 
painting method. (A) Percentage of 
myocytes expressing the reporter 
gene after epicardial application of 
5 x 10 9 pfu adenovirus in 5 ml of a 
gel-matrix with the given concen- 
tration of trypsin. (B) Effect of 
gene transfer on the effective re- 
fractory period (ERP) after paint- 
ing atria with either Adpgal or 
AdHERG-G628S. Pgal encodes the 
lacZ reporter gene. HERG-G628S 
is a dominant negative mutant of 
the HERG potassium channel. Day 
21 effects are shown in the absence 
and presence of dofetilide. (From 
Kikuchi et al. 26 Reproduced by 
permission.) 



3 



100 
80 
60 
40 
20 
0 



epi 
mid 

endo 



0.1 
Trypsin 



0.5 1 




dayO day 3 day 21 day 21 
+ 

Dofetilide 



delivery of the vector to the target tissue, control of gene expression, evaluation of 
potentially toxic effects of the vector or the transgene, and control of nontarget organ 
gene transfer and of host immune responses. Efforts to solve these problems are tak- 
ing place on multiple fronts. Recent advances in vector design have documented the 
ability of adeno-associated virus and helper-dependent adenovirus vectors to sustain 
long-term gene expression and to reduce host immune responses. 27,28 Discovery of 
methods to increase microvascular permeability to vectors and to improve physical 
parameters relevant to gene transfer efficiency have improved efficacy and homoge- 
neity of gene delivery. 16 » 17 ^ 9 - 31 New situation-specific promoters or response ele- 
ments that activate in response to hypoxia, temperature, and steroid or drug exposure 
have been identified, 32 lending hope to the possibility that the timing and amount of 
gene expression can be controlled. 



SUMMARY 

This review has illustrated several ways that gene transfer techniques can be used 
to explore or manipulate cellular communication and ultimately cardiac function. Rel- 
atively straightforward techniques have been employed to test hypotheses regarding 
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the role of growth factors, ion channels, connexins, and G proteins in cardiac myo- 
cytes. The ultimate goal of these studies is translation of animal study results to human 
therapies. Continuing effort to improve gene delivery, to control gene expression, and 
to investigate gene transfer effects in a variety of "near-human" animal models will 
be required to realize this goal. 
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Gene therapy for cardiac arrhythmias. 
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Myocardial gene transfer has become a routine tool to investigate the 
pathophysiology of cardiac diseases, although translation of gene 
transfer techniques into therapeutics has not come as quickly as many 
had hoped. In the field of cardiac arrhythmias, there is a great need for 
new therapeutic options. The current work reviews the use of gene 
transfer to evaluate cellular electrophysiology, the application of in vivo 
gene transfer to treat common arrhythmias, and the current problems in 
the field of cardiac gene therapy. Arrhythmia gene therapy is a field in 
its infancy, and future human applications are dependent on solutions to 
the problems discussed in this review. 
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Therapy for cardiac arrhythmias is inadequate, based on current options. 
Gene therapy has shown tremendous potential to investigate 
pathophysiology and potential therapies for cardiac diseases. The current 
work reviews the possibilities for application of in vivo gene transfer to 
treatment of common arrhythmias, including vector selection, delivery 
technique, and data on in vivo gene transfer for rate control in atrial 
fibrillation and for pacemaking activity. Arrhythmia gene therapy is a 
field in its infancy, and future human applications are dependent on 
solutions to the problems discussed in this review. 
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Focal modification of electrical conduction in the heart by 
viral gene transfer. 
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Modern treatment of cardiac arrhythmias is limited to pharmacotherapy, 
radiofrequency ablation, or implantable devices. Antiarrhythmic 
medications suppress arrhythmias, but their systemic effects are often 
poorly tolerated and their proarrhythmic tendencies increase mortality. 
Radiofrequency ablation can cure only a limited number of arrhythmias. 
Implantable devices can be curative for bradyarrhythmias and lifesaving 
for tachyarrhythmias, but require a lifetime commitment to repeated 
procedures, are a significant expense, and may lead to severe 
complications. One possibility is the use of gene therapy as an 
antiarrhythmic strategy. As an initial attempt to explore this option, we 
focused on genetic modification of the atrioventricular node. First, we 
developed an intracoronary perfusion model for gene delivery, building 
on our previous work in isolated cardiac myocytes and hearts perfused 
ex vivo. Using this method, we infected porcine hearts with Adbetagal 
(recombinant adenovirus expressing Escherichia coli beta-galactosidase) 
or with AdGi (adenovirus encoding the Galphai2 subunit). We 
hypothesized that excess Galphai2 would mimic the effects of beta- 
adreneric antagonists, in effect creating a localized beta-blockade. 
Galphai2 overexpression suppressed baseline atrioventricular conduction 
and slowed the heart rate during atrial fibrillation without producing 
complete heart block. In contrast, expression of the reporter gene beta- 
galactosidase had no electrophysiological effects. Our results 
demonstrate the feasibility of using myocardial gene transfer strategies 
to treat common arrhythmias. 
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Somatic Gene Transfer and Cardiac Arrhythmias: 

Problems and Prospects 

GORDON F. TOMASELLI, M.D., and J. KEVIN DONAHUE, M.D. 

From the Johns Hopkins University, Department of Medicine, Institute of Molecular Cardiobiology, Baltimore, Maryland, USA 



Introduction 

Coronary artery disease and cardiomyopathy are the prin- 
cipal substrates in which the majority of life-threatening car- 
diac arrhythmias exist. Gene therapy is becoming a viable 
alternative and adjunct to more conventional therapies for 
coronary artery disease and cardiomyopathy. 1 Cardiac ar- 
rhythmias are a promising but less well-developed target 
for gene-based therapeutic strategies. Regardless of the dis- 
ease target, a number of considerations will directly im- 
pact the risk of arrhythmias with any form of gene-based 
therapy in the heart. This Point-of-View addresses the ra- 
tionale and mechanics of gene-based therapy in structural 
heart disease, the prospects for therapies targeting cardiac 
arrhythmias, and cautions regarding this exciting therapeutic 
approach. 

Somatic Gene Transfer, Gene Therapy, 
and Cell Therapy 

Somatic gene transfer refers to the addition of genes (as 
either DNA or RNA) to cells other than eggs or sperm, 
and gene therapy entails gene transfer to a target somatic 
cell or organ to either treat or prevent a disease. The 
types of delivery systems vary from naked plasmid DNA 
to DNA in chemical carriers (e.g., liposomes) or foreign 
DNA inserted into a viral genome. Gene transfer to the 
heart may occur in other ways, such as the use of stem 
cells or other myogenic progenitor cells that are exoge- 
nous or endogenous to the organism (for review see ref- 
erence 2). Finally, the genes delivered to the heart need 
not encode a protein but may reduce or eliminate protein 
function through the delivery of antisense oligonucleotides 
or ribozymes that interfere with protein transcription and 
translation. 3,4 

A central mandate of gene therapy is the successful deliv- 
ery of the nucleic acid to the target tissue. A number of gene 
delivery systems have been developed that utilize viral- and 
nonviral-based methods; the latter includes both physical and 
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chemical agents, as well as cell-based therapy. Vectors used 
in gene therapy are the subject of numerous reviews (e.g., ref- 
erence 5) and will only briefly be reviewed. In many ways, 
viruses are ideal vectors because they have evolved the abil- 
ity to efficiently deliver nucleic acid (i.e., viral genome) and 
avoid immune surveillance. Each of the viral vector systems 
has its advantages and disadvantages. 

The most used viral vectors in clinical gene therapy trials 
are the retroviruses. These small RNA viruses often require 
dividing cells for entry into the cell nucleus and integration 
into the cell genome. The integration event affords expres- 
sion of the gene product for the life of the cell. The require- 
ment for dividing cells is not absolute. Certain retroviruses, 
such as the lentiviruses [e.g., human immunodeficiency virus 
(HIV)], can infect and integrate into the genome of nondivid- 
ing cells. The integration into the genome has the potential for 
disruption of essential genes and malignant transformation. 
Retroviral vectors are commonly used in cancer gene ther- 
apy and often for ex vivo infection of isolated cells that can 
be propagated in culture. Disadvantages of retroviral vector 
systems include the relatively short half-life of the viruses, 
difficulty in manufacturing the concentrations necessary for 
in vivo myocardial or vascular gene transfer, the need for ac- 
tively dividing target cells (with the exception of lentiviruses), 
and public reluctance toward any therapy using an HTV-like 
system. 

Replication-deficient adenoviruses are another workhorse 
vector and the most commonly used for cardiovascular appli- 
cations. 1 These viruses have the advantage of being able to 
infect nondividing cells and not integrating into the genome. 
This results in the disadvantage of transient expression of the 
gene product. In addition, both cell-mediated and humoral 
immune responses limit gene expression. 5 Adeno-associated 
virus (AAV) is a single-stranded DNA virus of the parvovirus 
family that requires a helper virus for replication. The advan- 
tages of AAV as a gene therapy vector are its ability to infect 
nondividing cells, integrate into the host genome, and evade 
the host immune system, thus producing efficient and long- 
term gene expression. 6 Disadvantages include the require- 
ment for coinfection with a helper virus, such as adenovirus 
or herpes simplex virus (HSV), and the limited size of genes 
that can be packaged. 7 Another disadvantage of AAV vec- 
tors is the complex process required for virus production, 
with requirement for helper viruses or plasmids to accom- 
plish virus amplification. Other viruses that have been used 
or are in development as gene therapy vectors include HSV, 
RNA viruses such as polio, hepatitis A, and Sindbis viruses. 5 
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t Nonviral gene delivery systems use physicochemical 
methods to facilitate gene transfer, such as liposome- 
mediated delivery, gene guns, and DNA conjugates to poly- 
cations. In general, methods that involve the delivery of 
DNA alone either by physical or chemical methods are less 
pathogenic but also less efficient in genetic transduction of 
most tissues, including the heart. The advantages of nonviral 
vectors are their relative ease of manufacturing and possi- 
bly their greater public acceptance (e.g., when compared to 
lenti viruses). Nonviral vectors share many of the viral vector 
problems with longevity of expression and incitement of an 
immune response. The efficiencies of these methods are vari- 
able but tend to be less than that of viral vectors; however, they 
avoid any of the complications associated with integration of 
genes into the host genome. 

Cell therapy is an indirect means of delivering new genes 
and proteins to the heart. Experimental studies have demon- 
strated the feasibility of engraftment of skeletal muscle my- 
oblasts into the heart. 8 Engrafted myoblasts improve left ven- 
tricular performance, although systolic function of the exoge- 
nous cells is uncertain. 2 These cells do, however, appear to 
form gap junctions with cardiac myocytes in animal models. 9 
The feasibility of myoblast transplantation has been demon- 
strated in humans. 10 The electrophysiologic implications of 
cell therapy in the human heart have yet to be determined. 

Human Clinical Trials 

The first gene therapy trial in 1990 ushered in an era 
of excitement and in some cases profound disappointment 
(for review see reference 1). The initial disease targets 
were monogenic disorders (e.g., adenosine deaminase de- 
ficiency, cystic fibrosis) in organs that were easily acces- 
sible (bone marrow and lung). Currently there are more 
than 635 clinical trials in gene therapy worldwide, of which 
70% are for cancer and related illnesses, but cardiovascu- 
lar disease constitutes a significant minority of clinical tri- 
als (http://www.wiley.coMk/genetherapy/clinical/). The prin- 
cipal disease targets for gene therapy in the cardiovascular 
system are atherosclerosis, including peripheral vascular dis- 
ease, and heart failure. There is only a single report in the liter- 
ature of in vivo utilization of gene therapy to specifically tar- 
get an arrhythmia 11 and a limited number of reports using in 
vitro gene transfer to investigate arrhythmia mechanisms on 
a cellular level. Only therapeutic applications in atheroscle- 
rosis have been used in human studies. A detailed listing of 
previous and current clinical gene transfer trials can be ob- 
tained at http://www4. od. nih. gov/oba/rac/clinicaltrial. htm . 

For treatment of atherosclerotic cardiovascular disease, 
Isner and colleagues have championed the notion that ex- 
ogenous angiogenic growth factors could promote revascu- 
larization of ischemic tissues, an approach that they have 
referred to as therapeutic angiogenesis. The viability and sta- 
bility of these newly formed vessels has been questioned, but 
uncontrolled studies have shown an improvement of symp- 
toms in patients with intractable angina or peripheral vascular 
disease. 1 

The molecular targets in heart failure, particularly poly- 
genic forms, are less certain but include proteins involved 
in calcium homeostasis, adrenergic receptors and their mod- 
ulators, and mediators of programmed cell death or apop- 
tosis. A conceivable list of targets applicable to gene ther- 
apy for arrhythmias could include molecules that alter 



active membrane properties, such as ion channels and trans- 
porters, or those that mediate cell-to-cell communication 
(i.e., connexins). 

Gene transfer to the heart presents substantial technical 
challenges to gene delivery and durable expression of the en- 
coded gene products. There are also unique complications 
to the introduction of genes that intentionally or incidentally 
modify cardiac excitability. In contrast to other therapeutic 
applications, gene therapy in the cardiovascular system to 
date has disproportionately used naked DNA, particularly 
for atherosclerotic cardiovascular disease. This is possible 
because the genes that are transferred [vascular endothelial 
growth factor (VEGF) or fibroblast growth factor) need not 
transform a large number of cells. Instead, VEGF 1 and fibrob- 
last growth factor 12 are naturally or genetically engineered to 
be secreted so that a small number of transduced cells that 
secrete these angiogenic factors influence the biologic ac- 
tivity of a larger number of target cells. Gene therapy for 
treatment of heart failure is not likely to have this luxury, and 
efficient gene transfer to a substantial portion of the myocytes 
in the failing heart may be necessary. In contrast, certain ar- 
rhythmias may be amenable to the focal delivery of genes 
(e.g., scar- mediated tachycardia and modification of the AV 
node 11 ), making paracrine transduction of other target cells 
unnecessary. 

Molecular Targets for Arrhythmias 

There are a number of both focal and global targets for 
gene therapy of cardiac arrhythmias. The most straightfor- 
ward is the replacement or correction of an abnormal gene 
in monogenic disorders of cardiac rhythm, such as the long 
QT syndrome (LQTS), and idiopathic ventricular tachycar- 
dias and fibrillation (Brugada syndrome or catecholaminergic 
polymorphic ventricular tachycardia). Similarly, correction 
of single gene defects that produce structural heart disease 
may be antiarrhythmic. Most frequently, however, the target 
will be polygenic structural heart disease that forms the sub- 
strate for arrhythmias (scar-mediated ventricular tachycardia, 
atrial fibrillation in diseased atria). Another strategy may be 
to focal ly modify the electrophysiology of the myocardium, 
for example, in the AV node or a zone of slow conduction 
that is mediating reentry. In either case, substantial hurdles 
to clinical implementation will have to be negotiated. 

An understanding of the basic principles of cellular elec- 
trophysiology can be used to target specific genes that will 
modify active membrane properties of the cardiac myocyte. 
Proof of principle has been demonstrated in a number of in 
vitro experimental models with a variety of delivered genes. 
Studies in isolated cardiac ventricular myocytes demon- 
strated the ability to alter the action potential (AP) profile by 
infection with a channel gene-containing virus. For example, 
reconstitution of the transient outward current (I to ), which is 
down-regulated in the failing heart (for review see Tomaseili 
and Marban 13 ), can shorten the ventricular AP duration. How- 
ever, a number of limitations of this approach were imme- 
diately apparent, for example, overexpression of Kv4.3, the 
gene that encodes I to , produced a bizarre and overly short- 
ened AP. 14 Overexpression of the gene product of HERG 
(the disease gene in LQTS2), Ikt. produced a more normal 
appearing AP, because the activation kinetics of Ikt are slower 
than I to , thus avoiding short-circuiting the AP plateau. 15 The 
in vitro experiments raise a series of questions that must be 
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addressed prior to implementation of gene therapy that tar- 
gets the AP profile. First, fine control of the regulation of the 
level of channel proteins is still not feasible with strong con- 
stitutive promoters that are common to viral gene constructs 
but may be improved with the use of inducible promoters. 
Although the AP profile can be changed by any number of 
ion channel manipulations, the detailed cellular electrophys- 
iology will depend on the channel gene that is introduced (or 
eliminated), and it may be difficult to predict the organ-level 
electrophysiologic consequences of such changes in the my- 
ocyte. Finally, the density of ionic currents and expression of 
ion channel genes and proteins vary regionally in the heart. 
Controlled, regionally specific expression is unlikely with 
currently available technology. Correction of ion channel re- 
modeling in the structurally diseased heart will be more fea- 
sible when the upstream regulation of ion channel expression 
is better understood. 

A number of challenges confront gene therapy as a method 
to correct monogenic diseases of the heart. First, correction of 
monogenic ion channel (and other gene) defects will require 
genomic replacement of the mutant allele(s) and often elimi- 
nation of the mutant allele, particularly if it exhibits abnormal 
function or dominant negative suppression of the normal al- 
lele. Simple replacement of the mutant ion channel genes 
may be insufficient when one considers the regional hetero- 
geneity of ionic currents in the heart. Again, understanding 
the regulation of expression of these genes is a necessary first 
step to the design of rational gene replacement therapy. 

Focal modification of cardiac electrophysiology has been 
demonstrated in principle. In the only in vivo report of 
gene transfer-mediated treatment of an arrhythmia, conduc- 
tion through the AV node was targeted. In a porcine model 
of acute atrial fibrillation, adenoviruses containing the in- 
hibitory G-protein Got-a (AdGi) were infused into the AV 
nodal artery. Ad^gal, an adenovirus encoding Escherichia 
coli ^-galactosidase, was used as a reporter to document the 
extent of gene transfer, and it was used as a control to identify 
nonspecific effects of adenovirus infection and gene transfer 
in the AV node. 11 Prior to virus perfusion, VEGF and nitro- 
glycerin were infused into the AV nodal artery to increase the 
efficiency of gene transfer. 16 Ad£ gal-infected hearts showed 
gene transfer to 45% of AV nodal myocytes and no effect 
on AV nodal function. Several days after infection, a lim- 
ited mononuclear inflammatory infiltrate was noted. AdGi- 
infection slowed conduction through the AV node, ultimately 
leading to a reduction in the heart rate during acutely induced 
atrial fibrillation. 

Another gene therapy strategy to alter conduction is ma- 
nipulation of heart or progenitor cells ex vivo, creating de- 
signer myocytes or specialized conducting tissue cells to 
modify cardiac excitability. A recent example is the creation 
of "automatic" ventricular myocytes that may serve as bio- 
logic pacemakers. 17 The strategy was to suppress the inward 
rectifier current (I K i ) with a dominant negative Kir2. 1 gene 
construct that assembles with normal channel subunits but 
acts as a "poison pill" for the macromolecular complex such 
that the channel does not conduct K + current. This is an exam- 
ple of gain of function by gene transfer-mediated suppression 
of an endogenous ion channel. The use of cell therapy cir- 
cumvents some of the problems related to delivery of genes 
to individual cells and problems related to malignant trans- 
formation of cells as a consequence of integration of gene 
products. However, concerns regarding delivery of the trans- 



duced cells to the heart, as well as their full integration into 
the myocardium, are significant obstacles to their use as a 
therapeutic strategy. 

Challenges to Gene Therapy 
for Treatment of Arrhythmias 

Direct and indirect gene transfer is an important tool in 
the study of normal and pathologic cardiac electrophysiol- 
ogy. The use of gene transfer in clinical therapeutics remains 
intellectually appealing but is subject to a number of substan- 
tial challenges before implementation in humans can be con- 
sidered. These challenges are relevant to gene therapy generi- 
cally and to the treatment of cardiac arrhythmias specifically. 

The conventional problems in gene therapy are related to 
homogeneity of delivery of the vector to the target tissue, 
regulation of gene expression, potentially toxic effects of the 
vector or the transgene, nontarget organ gene delivery, and 
host immune responses. Efforts to solve these problems are 
taking place on multiple fronts. Recent advances in vector de- 
sign have demonstrated the ability of adeno-associated virus 
and helper-dependent adenovirus vectors to sustain long-term 
gene expression in the heart and to reduce host immune re- 
sponses. 6,18 Methods that increase physical contact between 
vector and target cells have improved efficacy and homogene- 
ity of gene delivery. 1619 New situation-specific promoters or 
response elements that activate in response to hypoxia, tem- 
perature, and steroid or drug exposure have been used 20 in 
the hope that the timing and amount of gene expression can 
be controlled. 

Problems that are more specific to gene therapy for car- 
diac arrhythmias are exemplified by, but not limited to, our 
lack of understanding of the molecular mechanisms of many 
arrhythmias and the spatial complexity of expression of ion 
channels, which curbs the utility of transfer of a single ion 
channel species. In the long term, it likely will be better to 
alter the regulation of channel expression by modulating the 
native promoters of those channels. Focal approaches to the 
delivery of genes or cells must confront the problems of ac- 
curate site selection and efficient and durable transduction of 
cells and/or the integration of exogenous cells into the cardiac 
syncytium. The potential rewards of gene/cell therapy for car- 
diac arrhythmias are great; however, substantial challenges 
remain prior to implementation of such therapy in humans. 
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